Introduction
Xylan, a linear chain of b-(1,4)-linked xylosyl residues, is the second most abundant cell wall polysaccharide found in vascular plants. Although it is mainly deposited in the secondary walls of dicots and gymnosperms, in grass species it is found in both primary walls and secondary walls. Xylan is often substituted with side chains of a-(1,2)-linked glucuronic acid (GlcA) and/or methylglucuronic acid (MeGlcA), and may also be highly acetylated at C-2 and/or C-3 (Timell 1967) . Xylan from grass species contains additional a-(1,2)-and a-(1,3)-linked arabinosyl side chains, which may be cross-linked with each other or with lignin by ferulate (Ishii 1997) . Furthermore, the reducing end of xylan from dicots and gymnosperms has been found to include a unique tetrasaccharide sequence, b-D-Xylp-(1!3)-a-L-Rhap-(1!2)-a-D-GalpA-(1!4)-D-Xylp (Shimizu et al. 1976 , Johansson and Samuelson 1977 , Andersson et al. 1983 , Peña et al. 2007 , Lee et al. 2009a . Study of xylan structure and biosynthesis has recently gained increasing interest due to the potential use of plant cellulosic biomass for biofuel production. The presence of xylan in cellulosic biomass has been shown to hinder the efficiency of conversion of biomass into bioethanol. For example, xylan, which is interwoven with cellulose, is believed to block the accessibility of cellulose to cellulase that is used to generate fermentable sugars (Himmel et al. 2007) , and the acetyl groups released from xylan during biomass pre-treatment may inhibit microorganisms used to ferment sugars (Helle et al. 2003) . Therefore, it is critical to identify and characterize all genes responsible for xylan biosynthesis in order to design strategies for genetic modification of biomass wall composition that is better tailored for biofuel production.
Genetic analysis of Arabidopsis cell wall mutants has led to the identification of a number of genes involved in xylan biosynthesis. They include members of GT43, GT47 and DUF597 implicated in the biosynthesis of the xylan backbone (Brown et al. 2007 , Lee et al. 2007a , Peña et al. 2007 , Brown et al. 2009 , Wu et al. 2009 , Wu et al. 2010 , Brown et al. 2011 , Jensen et al. 2011 ; members of GT47 and GT8 required for the biosynthesis of the xylan reducing end sequence (Zhong et al. 2005 , Brown et al. 2007 , Lee et al. 2007b , Peña et al. 2007 , Persson et al. 2007 , Lee et al. 2009b ; the RWA genes important for xylan acetylation (Lee et al. 2011) ; and two GT8 members essential for the GlcA substitution of xylan (Mortimer et al. 2010) . Although these genes are implicated in xylan biosynthesis in genetic studies, biochemical assignment of their enzymatic activities is essential for our understanding of their functions. Two recent biochemical studies have established that GT43 members are xylosyltransferases responsible for the successive transfer of xylosyl residues during the elongation of the xylan backbone (Lee et al. 2012a , Lee et al. 2012b . However, biochemical proof of the enzymatic activities of other xylan biosynthetic genes is still lacking.
The substitution of xylan with GlcA and MeGlcA has been shown to be affected by mutations of a number of genes, including IRX8, IRX9, IRX14, FRA8, PARVUS and GUX genes (Brown et al. 2007 , Lee et al. 2007b , Pena et al. 2007 , Mortimer et al. 2010 . While mutations of most of these genes only change the ratio of MeGlcA to GlcA, mutations of two GUX genes (GUX1 and GUX2) result in a substantial loss of both GlcA and MeGlcA side chains (Mortimer et al. 2010) , indicating that these GUX proteins are required for the addition of the GlcA side chains. It is unknown whether the GUX proteins possess glucuronyltransferase (GlcAT) activity since attempts to detect GlcAT activity using heterologously expressed GUX proteins were unsuccessful (Mortimer et al. 2010 ). Alternatively, they may act indirectly to regulate GlcAT activity (Mortimer et al. 2010) .
In this study, we performed biochemical and genetic analyses of three Arabidopsis GUX genes. We showed that when heterologously expressed in tobacco BY2 cells, the GUX1, GUX2 and GUX3 proteins exhibited GlcAT activites that are able to add GlcA residues onto the xylooligomer acceptor. We provided further genetic evidence revealing that simultaneous T-DNA knockouts of GUX1/2/3 caused a complete loss of GlcA and MeGlcA side chains on xylan, reduced secondary wall thickening and altered plant growth. Our results demonstrated that GUX1/2/3 are GlcATs responsible for the GlcA substitution of xylan and are essential for normal secondary wall deposition and plant development.
Results
The GUX1/2/3 genes are differentially expressed in secondary wall-forming cells During the course of the study of SND1-regulated secondary wall biosynthetic genes in Arabidopsis , we identified two family GT8 genes, GUX1 and GUX2, whose expression was regulated by SND1, a secondary wall NAC master switch (Fig. 1C, D) . These two genes were recently shown to be required for xylan glucuronylation (Mortimer et al. 2010) . In addition to GUX1/2, three additional GUX homologs, GUX3/4/5, are present in the Arabidopsis genome (Fig. 1A) . Quantitative PCR analysis of the expression of the GUX genes revealed that GUX1/2 were predominantly expressed in stems, whereas GUX3 was expressed at a similar level in all organs examined (Fig. 1E ). GUX4 and GUX5 were found to be preferentially expressed in roots and in leaves and flowers, respectively. Expression analysis using lasermicrodissected cell types from Arabidopsis stems demonstrated that the GUX1/2 genes were expressed in both interfascicular fibers and xylem cells, whereas the expression of GUX3 was only observed in xylem cells (Fig. 1B) . This differential gene expression pattern was further confirmed by b-glucuronidase (GUS) reporter gene expression analysis showing that the GUX1/2 expression was high in both interfascicular fibers and xylem cells ( Fig. 2A, B) , whereas GUX3 expression was evident only in xylem cells (Fig. 2C) . Since GUX1/2/3 are expressed in secondary wall-forming cells in stems, we focused on them for further biochemical and genetic analyses.
GUX1/2/3 exhibit xylan GlcAT activity GUX1/2 were recently shown to be required for the addition of GlcA side chains onto xylan, but it is not clear whether they are directly or indirectly involved in this process (Mortimer et al. 2010 ). In addition, it is not known whether GUX3 plays any role in xylan biosynthesis. To investigate the biochemical activity of the GUX genes, we heterologously expressed them in tobacco BY2 cells. Tobacco BY2 cells are parenchyma cells whose walls lack immunodetectable xylan (Lee et al. 2012a) , which presents an ideal system for heterologous expression and activity detection of xylan biosynthetic enzymes. This system was recently employed to demonstrate that Arabidopsis GT43 members possess xylosyltransferase activities that are able to transfer xylosyl residues successively onto xylooligomer acceptors (Lee et al. 2012a) . To assay the possible GlcAT activities of GUX proteins, we generated transgenic tobacco cell lines with expression of GUX1 alone, GUX2 alone, GUX3 alone and GUX1/2 together (Fig. 3A) . Microsomes isolated from the transgenic cell lines were assayed for GlcAT activity using xylohexoase (Xyl 6 ) as an exogenous acceptor and UDP-[ 14 C]GlcA as a donor. As a control, microsomes isolated from BY2 cells transformed with an empty vector were used. At least 60 independent transgenic cell lines were assayed for the GlcAT activity, and representative data from five cell lines for each construct are shown in Fig. 3 . It was evident that expression of GUX1, GUX2 or GUX3 resulted in a transfer of radiolabeled GlcA residues onto the Xyl 6 acceptor compared with the control (Fig. 3B) , indicating that they exhibit GlcAT activities. Co-expression of GUX1 and GUX2 did not result in a further elevation in the GlcAT activity compared with GUX1 or GUX2 alone (Fig. 3B) .
The transgenic cell line that exhibited the highest GlcAT activity for each of the GUX1/2/3 genes was chosen for further analysis. The GlcAT activities of microsomes from these lines were 40-50% of that of microsomes from Arabidopsis stems (Fig. 3C) .
The GlcAT activity exhibited by GUX1/2/3 was further examined using different concentrations of the Xyl 6 acceptor, and was found to be dependent on Xyl 6 concentration (Fig. 4) . The calculated K m and V max values are 4.7 mM and 35.8 pmol min -1 mg -1 protein, respectively, for GUX1 (Fig. 4A) ; 5.8 mM and 50.3 pmol min -1 mg -1 protein, respectively, for GUX2 (Fig. 4B) ; and 3.2 mM and 17.6 pmol min -1 mg -1 protein, respectively, for GUX3 (Fig. 4C) . The K m and V max values exhibited by GUX1 and GUX2 are about half of the K m (10.8 mM) and V max (114.6 pmol min -1 mg -1 protein) values of the GlcAT activity displayed by wild-type Arabidopsis microsomes (Lee et al. 2007a ).
To verify the transfer of GlcA residues onto the Xyl 6 acceptor in the reactions catalyzed by GUX1/2/3, we examined the reaction products using matrix-assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF-MS). It was found that in addition to the expected Xyl 6 peak (m/z 833), another signal peak (m/z 1009) was seen in the reaction products catalyzed by the microsomes of the transgenic cells expressing GUX1/2/3 (Fig. 5) . This peak, which had an increase in the mass of 176 Da relative to Xyl 6 , matches the expected mass of Xyl 6 substituted with one GlcA residue. As a positive control, we examined the reaction products catalyzed by microsomes from Arabidopsis stems. In addition to the expected peaks for the Xyl 6 acceptor and the GlcA-substituted Fig. 1 Expression analysis of Arabidopsis GUX genes. (A) Phylogenetic relationship of family GT8 members that are known to be involved in xylan biosynthesis. The sequences of Arabidopsis GUXs, PARVUS and IRX8. and those of poplar PoGT8D, PoGT8E and PoGT8F were aligned using the ClustalW program (Thompson et al. 1994) , and the phylogenetic tree was displayed using the TREEVIEW program (Page 1996) . The 0.1 scale denotes 10% change. (B) Quantitative PCR analysis of the expression of GUX genes in pith, xylem and interfascicular fiber cells that were isolated from Arabidopsis stems. The expression level of each gene in pith cells was taken as 1. (C) and (D) Quantitative PCR analysis of the expression of GUX genes in the SND1 overexpressor (SND1-OE; C) and the SND1/NST1 RNA interference (RNAi) line (D). (E) Quantitative PCR analysis of the expression of GUX genes in different Arabidopsis organs. The lowest expression level of each gene among the organs analyzed was set to 1. Error bars in B-E denote the SE of three biological replicates.
Xyl 6 , more signal peaks corresponding to Xyl 7 (m/z 965), Xyl 8 (m/z 1097) and the GlcA-substituted Xyl 7 (m/z 1141) were detected (Fig. 5) . These additional oligosaccharide peaks are most probably attributed to the conversion of UDP-GlcA into UDP-Xyl by the endogenous UDP-GlcA decarboxylase (Harper and Bar-Peled 2002) and the subsequent addition of Xyl and GlcA residues onto the Xyl 6 acceptor. Taken together, these results provide direct biochemical evidence demonstrating that GUX1/2/3 are GlcATs that catalyze the transfer of GlcA residues onto the xylooligomer acceptor. 14 C]GlcA and Xyl 6 , and subsequent detection of the incorporation of radiolabeled GlcA in the reaction products (CPM). (A) RT-PCR analysis showing the expression of Arabidopsis GUX genes in representative transgenic tobacco cell lines expressing GUX1 alone, GUX2 alone, GUX3 alone or both GUX1 and GUX2 (GUX1/2). (B) GlcAT activity of representative transgenic BY2 cell lines expressing GUX1 alone, GUX2 alone, GUX3 alone or both GUX1 and GUX2 (GUX1/2). Note that microsomes from cell lines expressing GUXs exhibited a high level of GlcAT activity compared with those from cell lines transfected with the empty vector (control). The GlcAT activity from Arabidopsis stem microsomes is shown as a positive control. (C) Further confirmation of the GlcAT activity in the transgenic cell lines that exhibited the highest GlcAT activity for each GUX gene as shown in B. Error bars denote the SE of three independent assays. Fig. 2 Expression patterns of GUX1, GUX2 and GUX3 in Arabidopsis inflorescence stems. Inflorescence stems of transgenic Arabidopsis plants expressing the GUX1 (A), GUX2 (B) and GUX3 (C) genes fused with the GUS reporter genes were sectioned and stained for GUS activity (shown as blue). co, cortex; if, interfascicular fiber; pi, pith; xy, xylem. Bars = 136 mm.
Simultaneous mutations of GUX1/2/3 lead to a complete loss of GlcA side chains on xylan A previous report showed that simultaneous mutations of GUX1/2 resulted in a partial loss of GlcA residues on xylan (Mortimer et al. 2010) , indicating that either GUX1/2 mutations are not null or additional GUX homologs are involved in the GlcA substitution of xylan. Because GUX3 is expressed in the xylem and exhibits GlcAT activity, we hypothesized that in addition to GUX1/2, GUX3 is also involved in the addition of GlcA side chains on xylan. To test this hypothesis, we used the T-DNA insertion lines of GUX1 (SALK_046841), GUX2 (N469285) and GUX3 (SALK_009971) to generate double and triple gux mutants. The inflorescence stems of the mutant plants were used for cell wall preparation and xylan extraction. MALDI-TOF mass spectra of the reaction products catalyzed by microsomes from Arabidopsis stems and tobacco BY2 cells expressing GUX1, GUX2 or GUX3. Microsomes were incubated with UDP-GlcA and the Xyl 6 acceptor, and the reaction products were analyzed by MALDI-TOF-MS. In addition to the ion corresponding to Xyl 6 (m/z 833), another ion (m/z 1009) with a mass increase of 176 Da corresponding to one GlcA residue was observed in the spectra of BY2 cells expressing GUX genes. In the reaction products catalyzed by Arabidopsis stem microsomes, three additional ions with m/z 965, 1,097 and 1,141, which correspond to Xyl 7 , Xyl 8 and Xyl 7 substituted with one GlcA residue, respectively, were observed. Quantitative measurement of GlcA and MeGlcA in total cell walls showed that the amount of GlcA was decreased further in the gux1/2/3 triple mutant compared with that in the gux1/2 and gux1/3 double mutants (Fig. 6A) . The MeGlcA content was undetectable in the gux1/2/3 triple mutant and its content was drastically reduced in the gux1/2 and gux1/3 double mutants (Fig. 6B) . Since the total cell walls used consist of other wall polysaccharides besides xylan that may also contain GlcA residues, we further isolated xylan for the analysis of GlcA side chains. The isolated xylan was digested with endoxylanase and the resulting xylooligosaccharides were subjected to MALDI-TOF-MS (Fig. 7) . In the wild type, the signal peaks corresponding to the GlcA-substituted Xyl 4 (m/z 745) and the MeGlcA-substituted Xyl 4 (m/z 759) were evident. These GlcA side chain signal peaks were signficantly reduced in the gux1/2 and gux 1/3 double mutants and were absent in the gux1/2/3 triple mutant. A signal peak corresponding to the expected mass of the xylan reducing end pentasaccharide (X-X-R-GA-X; m/z 761) was relatively elevated in the double and triple mutants due to the reduction in the signal peaks of GlcA side chains (Fig. 7) . These results indicate that xylan isolated from the gux1/2/3 triple mutant is devoid of GlcA side chains.
To substantiate further the MALDI-TOF-MS data, the xylooligosaccharides generated by endoxylanase digestion were analyzed by nuclear magentic resonance (NMR) spectroscopy (Fig. 8) . Xylan from the wild type displayed resonances characteristic of H1 of non-methylated and methylated GlcA side chains (at 5.29 and 5.28 p.p.m., respectively). In addition, it exhibited resonances attributed to the backbone xylosyl 
of a-L-Rha, and H4 of a-D-GalA) (Peña et al. 2007 ). Examination of xylan from the gux mutants showed the presence of a significant amount of GlcA and MeGlcA in the gux1, gux2 or gux3 single mutants and in the gux1/3 double mutant. Only a small amount of GlcA and MeGlcA was detected in the xylan from the gux1/2 double mutant, which is consistent with the previous report (Mortimer et al. 2010) . Notably, xylan from the gux1/2/3 triple mutant was completely devoid of GlcA and MeGlcA side chains (Fig. 8) . Integration analysis of the NMR spectra revealed that in addition to the gux1/2 and gux1/2/3 mutants, the gux1, gux2 and gux3 single mutants and the gux1/3 double mutant also had various degrees of reduction in the amount of GlcA and MeGlcA compared with the wild type ( Table 1) . Together, these results provide genetic evidence showing that all three GUX genes are involved in the addition of GlcA side chains onto xylan in Arabidopsis stems.
Simultaneous mutations of GUX1/2/3 cause defects in secondary wall thickening and plant development It was previously suggested that GlcA and MeGlcA substitutions of xylan are not required for the structural role of xylan in secondary walls since the gux1/2 double mutant, with a partial loss of GlcA substitution of xylan, has no changes in cell wall morphology, vascular development or plant growth (Mortimer et al. 2010) . We found that although the single and double gux mutants had no significant alterations in plant growth and stem mechanical strength, the gux1/2/3 triple mutant showed a clear reduction in plant growth and stem mechanical strength compared with the wild type (Fig. 9) . Since the mechanical strength of stems is largely conferred by interfascicular fibers and xylem, we examined the wall morphology of these cell types in the gux double and triple mutant. It was evident that the thickness of the secondary walls of interfascicular fibers and vessels was significantly reduced in the gux1/2/3 triple mutant (Fig. 10D, H) , which most probably contributes to the defective stem strength. In addition, a mild deformation of cell morphology was seen in some vessels of the gux1/2/3 triple mutant ( Fig. 10L, P) . It was noted that the gux1/2 double mutant also had a mild reduction in secondary wall thickness in interfascicular fibers (Fig. 10B, F ). These results demonstrate that a complete loss of GlcA and MeGlcA side chains on xylan leads to a significant defect in secondary wall thickening and plant development.
The finding that the gux1/2/3 triple mutant exhibited a defect in secondary wall thickening prompted us to investigate whether it had a decrease in xylan content as do most other xylan-defective mutants, such as irx8, irx9, irx14, fra8 and parvus (Zhong et al. 2005 , Brown et al. 2007 , Lee et al. 2007b , Peña et al. 2007 , Persson et al. 2007 ). It was unexpected to find that the xylose content in the inflorescence stems of the gux1/2/3 triple mutant was significantly elevated compared with the wild type ( Table 2 ). In addition, a slight increase in the xylose content was also seen in the gux1/2 double mutant. Since the bulk of the xylose in the inflorescence stems is from xylan in the secondary wall-containing fibers, these results indicate that the content of xylan in the cell wall residues is relatively higher in the gux1/2/3 mutant compared with the wild type. It was also noted that the density of cell wall residues significantly increased in the gux1/2/3 triple mutant compared with the wild type and the gux1/2 and gux1/3 double mutants (Fig. 9C) , suggesting that the gux1/2/3 mutations caused an alteration in the physical property of cell walls.
Loss of GlcA and MeGlcA side chains on xylan in the gux mutants has no effect on wall digestibility by cellulase Because xylan is the major polysaccharide that interacts with cellulose in the secondary wall-rich cellulosic biomass and this interaction is believed to contribute to biomass recalcitrance (Himmel et al. 2007 ), we tested whether the altered cell wall property in the gux1/2/3 mutant had any effect on the accessibility of cellulose to cellulase digestion. It was found that only a slight increase in the conversion of cellulose to glucose by cellulase and cellobiase was seen in the gux1/2 double mutant and gux1/2/3 triple mutant compared with the wild type (Fig. 11) , indicating that removal of GlcA side chains of xylan has no major impact on the digestibility of cell walls by cellulase.
Discussion

GUX1/2/3 are glucuronyltransferases responsible for the addition of GlcA residues onto xylan
We have demonstrated that the GUX1/2/3 proteins possess GlcAT activities capable of catalyzing the addition of GlcA residues onto xylan. This biochemical proof of the GlcAT activities of GUX1/2/3 is consistent with their retaining catalytic mechanism of the GT8 family, to which GUX1/2/3 belong, as well as with the genetic evidence showing that simultaneous mutations of GUX1/2/3 lead to a complete loss of GlcA and MeGlcA side chains on xylan. The findings that all three GUX proteins exhibit GlcAT activities and their genes are expressed in the same secondary wall-forming cell types indicate that they function redundantly in the GlcA substitution of xylan, which provides an explanation for why only simultaneous mutations of all three GUX genes result in a complete loss of GlcA and MeGlcA side chains on xylan. Mutations of a single or double GUX genes were also noticed to cause some degree of reduction in the level of GlcA side chains, indicating that expression of all three GUX genes is required for the normal rate of GlcA addition onto xylan.
A complete loss of GlcA and MeGlcA side chains of xylan has a drastic effect on secondary wall deposition and plant development
Our finding that the gux1/2/3 triple mutant exhibits a reduction in secondary wall thickness and plant growth indicates that the GlcA substitution of xylan is essential for the normal function of xylan during secondary wall deposition. This is in contrast to the gux1/2 double mutant in which no changes in wall morphology and plant growth were observed (Mortimer et al. 2010) . Since small amounts of GlcA and MeGlcA side chains are still present in the xylan from the gux1/2 double mutant, it implies that removal of a majority of GlcA substitution has little effect on the normal function of xylan. However, it is evident from the analysis of the gux1/2/3 triple mutant that a complete loss of GlcA substitution has a drastic effect on xylan properties, which is consistent with the previous observation that the degree of sugar substitutions of xylan has a large impact on the assembly of the xylan-cellulose network (Kabel et al. 2007) . It has been shown that increasing the number of unsubstituted xylosyl residues in xylan induces formation of xylan-xylan interactions and, subsequently, favors the adsorption of xylan to cellulose (Kabel et al. 2007 ).
Since the xylan in the gux1/2/3 triple mutant is completely devoid of sugar substitutions, the unsubstituted xylan in the mutant most probably has an alteration in its interaction with cellulose and hence affects the overall secondary wall assembly, which leads to a defect in secondary wall thickening and a deformation of vessels. The reduced plant growth phenotype in the gux1/2/3 triple mutant is most probably caused by the altered vessel morphology, which impedes normal solute transport, rather than by the defective secondary wall thickening in fibers. This hypothesis is consistent with the previous observations that a deformation in vessel morphology is often associated with a reduced plant growth phenotype (Zhong et al. 2005 , Brown et al. 2007 ); on the other hand, a defect in the secondary wall thickening in fibers only does not affect the overall plant growth ). It should be noted that although no detectable GUX3 expression was seen in the interfascicular fiber cells, the gux1/2/3 triple mutant exhibited a more severe reduction in secondary wall thickness in interfascicular fibers than the gux1/2 double mutant. One possible explanation for this observation is that although not detectable in the expression analysis, GUX3 might be expressed at a very low level in the interfascuclar fiber cells, which plays a minor role in adding GlcA residues onto xylan in these cells. In summary, our biochemical and genetic analyses of the Arabidopsis GUX genes demonstrate that GUX1/2/3 are xylan GlcATs responsible for the GlcA substitution of xylan and that a complete loss of GlcA side chains on xylan causes a significant impact on secondary wall deposition and plant development. Together with the recent biochemical study showing that GT43 members in Arabidopsis and poplar are xylosyltransferases responsible for the elongation of the xylan backbone (Lee et al. 2012a , Lee et al. 2012b , these findings mark an important advance in our understanding of the biochemical mechanisms underlying xylan biosynthesis.
Materials and Methods
Gene expression analysis
Total RNA from Arabidopsis tissues and tobacco BY2 cells was isolated with a Qiagen RNA isolation kit. RNA from different cell types (interfascicular fibers, xylem and pith cells) was isolated and amplified as described previously . After treatment with DNase I, the total RNA was converted to first-strand cDNA, which was then used as a template for real-time quantitative PCR analysis with the QuantiTect SYBR Green PCR kit (Clontech). The PCR primers for GUX1 are 5 0 -aattatgccgacggtcattgg-3 0 and 5 0 -caagttatggcc gggaagtga-3 0 ; those for GUX2 are 5 0 -acgactccatggacgatgcat-3 0 and 5 0 -aataacataagaacgacgtcg-3 0 ; those for GUX3 are 5 0 -atgata ccttcctcaagtcc-3 0 and 5 0 -tagctacatagcgaggatcag-3 0 ; those for GUX4 are 5 0 -ccatcgccgcaagtcaacaaa-3 0 and 5 0 -atctccggacaggtagaagct-3 0 ; and those for GUX5 are 5 0 -ttgccggaaccggttaaacgg-3 0 The wall residues for cell wall composition analysis were prepared from stems. The data are means (mg g -1 dry cell wall) ± SE of two independent assays. Fig. 11 Glucose release from the cell walls of the wild type and the gux mutants by cellulase and cellobiase. The enzymatic hydrolysis efficiency is shown as the percentage of glucose released by the enzymes over the total amount of cellulose in the walls. Error bars denote the SE of two independent assays. and 5 0 -ctaggaatgtgccacgtgtga-3 0 . The relative expression level was calculated by normalizing the PCR threshold cycle number of each gene with that of the EF1 reference gene. The data were the average of three biological replicates. Reverse transcription-PCR (RT-PCR) was applied to examine the transcript levels of GUX genes in transgenic tobacco BY2 cells.
GUS reporter gene analysis
For the GUS reporter gene analysis, the GUX1, GUX2 or GUX3 gene containing a 3 kb 5 0 upstream sequence, the entire coding region, and a 2 kb 3 0 downstream sequence was used. The GUS gene was inserted in-frame right before the stop codon of these genes, and then cloned into pBI101 (Clontech) to create the GUS reporter constructs. The constructs were transformed into wild-type Arabidopsis (ecotype Columbia) plants by Agrobacterium-mediated transformation (Bechtold and Bouchez 1994) to generate the GUS reporter transgenic plants. Inflorescence stems from 6-week-old transgenic plants were examined for the GUS activity described previously (Zhong et al. 2005 ).
Generation of transgenic BY2 cell lines
The full-length GUX cDNAs were ligated downstream of the Cauliflower mosaic virus (CaMV) 35 S promoter in a modified pBI121 to create the GUX overexpression constructs. Each GUX expression construct or an empty vector (as control) was introduced into tobacco BY2 cells by Agrobacterium-mediated transformation (An 1985) . For co-expression of GUX1 and GUX2, agrobacteria containing the GUX1 and GUX2 expression constructs were used to co-transform tobacco cells. More than 60 independent transgenic cell lines were generated for each construct. They were confirmed for GUX expression by RT-PCR and used for subsequent GlcAT activity assay.
Assay of GlcAT activity
Microsomes were isolated from transgenic tobacco BY2 cells for the assay of the GlcAT activity following procedures by Kuroyama and Tsumuraya (2001) . Microsomes (100 mg) were incubated with the reaction mixture (a total volume of 30 ml) containing 50 mM HEPES-KOH, pH 6.8, 5 mM MnCl 2 , 1 mM dithiothreitol (DTT), 0.5% Triton X-100, 0.2 mg ml -1 Xyl 6 (Megazyme), and UDP-[ 14 C]GlcA (0.1 mCi; American Radiolabeled Chemical). After incubation at 21 C for 30 min, the reaction was stopped by adding the termination solution (0.3 M acetic acid containing 20 mM EGTA). The radiolabeled xylooligosaccharides were separated from UDP-[ 14 C]GlcA by paper chromatography according to Ishikawa et al. (2000) . The amount of radioactivity present in the xylooligosaccharides was determined with a PerkinElmer scintillation counter.
MALDI-TOF-MS
MALDI-TOF-MS was applied to analyze the GUX-catalyzed reaction products and the xylooligosaccharides generated by digestion of xylan with b-endoxylanase M6 (Megazyme) as described by Zhong et al. (2005) . The spectrometer was operated in the positive-ion mode with an accelerating voltage of 30 kV, an extractor voltage of 9 kV and a source pressure of approximately 8Â10 -7 torr. The aqueous sample was mixed (1 : 1, v/v) with the MALDI matrix (0.2 M 2,5-dihydroxbenzoic acid and 0.06 M 1-hydroxyisoquinoline in 50% acetonitrile) and dried on a stainless steel target plate. Spectra are the average of 100 laser shots.
Histology
The basal parts of inflorescence stems of mature plants were fixed in 2% formaldehyde and embedded in low viscosity (Spurr's) resin (Electron Microscopy Sciences) (Burk et al. 2006) . For light microscopy, 1 mm thick sections were cut with a microtome and stained with toluidine blue. For transmission electron microscopy, 85 nm thick sections were cut, post-stained with uranyl acetate and lead citrate, and observed using a Zeiss EM 902 A transmission electron microscope. Stems from at least eight plants for each gux mutant were examined, and representative data were shown.
The basal parts of inflorescence stems of mature plants were measured for their breaking force using a digital force/length tester (Larson System) (Zhong et al. 1997) . Breaking force was calculated as the force needed to break apart a stem segment.
Cell wall sugar composition analysis
Inflorescence stems from mature plants were used for cell wall isolation according to Zhong et al. (2005) . Neutral cell wall sugars (as alditol acetates) were determined following the procedure described by Hoebler et al. (1989) . The alditol acetates of the hydrolyzed cell wall sugars were analyzed on a PerkinElmer Clarus 500 gas-liquid chromatograph instrument equipped with a 30 mÂ0.25 mm (i.d.) silica capillary column DB 225 (Alltech Associates). GlcA and MeGlcA amounts in total cell walls were measured according to Doco et al. (2001) .
Cell wall digestibility analysis
The digestibility of cell wall residues with cellulase enzymes was determined according to Chen and Dixon (2007) . Briefly, the ethanol-insoluble cell wall residues (equivalent to 100 mg of glucose) were incubated with cellulase (52 U; Celluclast 1.5 L from Sigma) and cellobiase (16 U; Sigma) in 0.1 M sodium acetate buffer (pH 4.8) at 37 C for 72 h. After centrifugation, the supernatant was used to quantify neutral sugars released from cellulose using gas chromatography as described above. The enzyme mixture without the addition of cell wall residues was used as a blank. Under the same conditions, the enzyme mixture was able to digest 90% of Whatmann No. 1 filter paper cellulose into glucose. Two independent assays were performed on all samples. as described by Zhong et al. (2005) . NMR spectra of the xylooligosaccharides from b-xylanase digestion were acquired at 20 C on a Varian Inova 600 MHz spectrometer (599.7 MHz, 1 H) using a 5 mm cryogenic triple resonance probe (Varian). All NMR samples were prepared with 100% D 2 O in 3 mm standard NMR tubes.
1
H chemical shifts were referenced to DSS (2,2-dimethyl-2-silapentane-5-sulfonate sodium salt). For all experiments, 64 transients were collected using a spectral width of 6,000 Hz and an acquisition time of 5 s. The residual water resonance was suppressed by a 1 s pre-saturation pulse at a field strength of 40 Hz. 1D spectra were processed using MestReC (MestreC Research) with 0.2 Hz apodization followed by zero-filling to 128 k points. The 1 H-NMR assignments were done by comparing them with the NMR spectra data for xylan structure (Zhong et al. 2005 , Peña et al. 2007 ).
Accession numbers
The Arabidopsis Genome Initiative locus identifiers for the Arabidopsis genes investigated in this study are GUX1 (At3g18660), GUX2 (At4g33330), GUX3 (At1g77130), GUX4 (At1g54940) and GUX5 (At1g08990). The GenBank accession numbers for PoGT8E and PoGT8F are JQ905976 and JQ905977, respectively. 
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